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ELECTROMAGNETIC METHOD AND APPARATUS TO MEASURE 
CONSTITUENTS OF HUMAN OR ANIMAL TISSUE 
Description 

Background of the Invention 
5 This invention relates to the non-invasive measurement 

of the concentration of substances that absorb 
electromagnetic radiation, such as light or infrared 
radiation, in absorbing and turbid matrices, such as human 
or animal body tissue, using a probe beam of 

10 electromagnetic radiation. The invention is described as 
applied to the special case of glucose measurement in human 
tissue using near-infrared radiation. It is, however, 
generally applicable to measurements of the concentration 
of any species that absorbs electromagnetic radiation, 

15 especially in strongly absorbing and turbid matrices. 

The infrared measurement methods known in the art are 
not well adapted to the problem of quantifying an analyte 
dissolved in a strongly absorbing solvent. The known 
methods include separate or directly alternating 

20 measurements at a "glucose" wavelength and at a "reference" 
wavelength, where glucose does not absorb, as well as 
differential wavelength modulation about a glucose 

absorption band (C. Dahne, D. Gross, European Patent 
25 0 160 768 and references therein). In the known methods, 
the signal is easily lost into the variable and strong, 
background presented by water and other constituents in the 
tissue and in the capillary blood flow. 

Summary of the Invention 
30 The present invention is an improvement over co- 

pending European Patent Application 89810382.5 (Harjunmaa) , 
U.S. Serial No. 07/527,514 referenced above. In Harjunmaa, 
a balanced differential modulation method is disclosed 
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wherein a radiation beam comprised of alternating pulses of 
two wavelengths forming a combined beam, is balanced or 
nulled using a reference detector that takes a sample of 
the combined beam before it enters the tissue and is 
5 detected by a primary detector. Although suitable for the 
purposes intended, the precautions taken to deal with the 
unavoidable differences in the spectral response between 
the reference detector and the primary detector make the 
system somewhat complicated. 

10 The balanced differential (or balanced bridge) method 

of Harjunmaa utilizes two wavelengths that have the special 
property of having identical extinction coefficients in the 
sample matrix. A radiation beam is generated that contains 
these two wavelengths in alternate succession at a suitable 

15 frequency. When the beam is properly balanced for the 
measurement, a detector placed to detect radiation 
transmitted or reflected by the sample does not detect any 
alternating component in the radiation; when the sample is 
inserted into the beam path, the same detector also would 

20 detect no alternating component, if the matrix do not 

contain any of the analytes. Only in the case where there 
is some analyte in the sample matrix will the detector 
detect an alternating signal synchronous to the wavelength 
alternation. This feeble alternating signal is amplified 

25 and is then detected using a phase-sensitive detector (or 
lock-in amplifier) . 

In the method and apparatus of the present invention, 
the concentration measurement is accomplished using a two- 
wavelength alternating radiation probe beam which interacts 

30 with the tissue. One of the wavelengths is tunable to 
account for the expected variability of the background 
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spectrum. Detected signals from the probe beam after 
passing through the matrix are balanced or nulled with a 
given unknown reference concentration of analyte present by 
tuning the variable wavelength beam over a range of 
5 frequencies. Next, the fluid balance of the tissue in the 
radiation beam is changed thereby changing the ratio of the 
analyte concentration to the reference concentration. The 
alternating component of the interacted probe beam is then 
detected. The amplitude of the alternating-current (AC) 
10 signal given by the detector represents analyte 

concentration or the difference from a preset reference 
analyte concentration. The interaction of radiation with 
tissue can occur in either a reflecting or transmissive 
mode. 

/ 15 Brief Description of the Drawings 

Fig. 1 is a block diagram of the apparatus of the 
invention. 

Fig. 2 is a side view of a measuring head for use with 
the apparatus of Fig. 1 in a reflective mode of operation. 
20 Fig. 3 is a sectional view taken along lines III-III 

of Fig. 2. 

Detailed Description of the Invention 

Referring now to Fig. 1 the invention will now be 
described in detail in connection therewith 
25 A light source 10 generates a beam A of 

electromagnetic energy or radiation preferably in the 
infrared range of the light spectrum. Preferably, the 
intensity of the beam A is maintained constant by power 
supply 12 coupled to lamp filament 50. Beam A is split 
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into two beams, B and C, of equal intensity using 
polarizing beam splitter 32. Beam C is reflected by mirror 
26. Both beams B & C are directed through respective 
interference filters 14 and 13 and focusing lenses 16 and 
5 15, toward optical beam combiner 17. 

Filters 14 and 13 are used to select the preferred 
wavelengths for beams B and C respectively. In the present 
system, the wavelength k t for the constant wavelength beam 
B is at 1600 nm while the center wavelength X z of the 

10 variable wavelength beam C is at 1750 nm. The wavelength 
of beam C is varied by control 25 which mechanically tilts 
filter 13 to move the wavelength X 2 of the beam C to 
shorter wavelengths. 

These wavelengths are specifically selected for 

15 glucose concentration determination since glucose absorbs 
at 1600 nm and glucose absorption is substantially less and 
fairly constant in the range of 1670-1730 nm. 

To select one of the wavelengths at a time, the two 
constituent beams B and C are directed at a liquid crystal 

20 variable retarder 48. It is controlled electrically, by a 
control voltage Vc from controller 39, to alternate between 
two states: nonrotating and rotating. After the retarder 
the beams encounter a sheet polarizer 49. Its function is 
to transmit only one linear polarization component. The 

25 rotator will either do nothing or rotate both constituent 
beam polarizations about 90 degrees. Thus, either one or 
the other constituent beam will be transmitted, alternating 
at the amplitude modulation frequency of the AC controlling 
voltage Vc. The retarder 48 also controls the intensity 

30 relation of the two wavelength half-periods by producing 
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elliptically polarized intermediate states, according to 
the control voltage Vc, and thereby causing reduced 
transmittance of the given constituent beam through the 
polarizer 49. In that case, there will be a corresponding 
5 residual transmittance for the other constituent beam. 

This residual transmittance has no effect on the operation 
of the system since only the AC component of the beam 
intensity is detected. 

The two beams B and C are combined in a beam combiner 

10 17 which may comprise a tapered aluminum tube having a 

polished interior surface. A glass rod could also be used, 
as well as an integrating sphere or film optics. A portion 
P of the combined beam is sampled by a reference detector 
29 through a hole drilled in the side of the beam combiner 

15 17. 

A main portion of the combined beam D enters a 
sampling area 18 of the body, such as a fingerweb or an 
earlobe and is attenuated by the body tissue. The 
resultant beam E is detected by a photoconductive lead 
20 sulfide (PbS) infrared primary detector 19 operating at 
room temperature. It is important that the two detectors 

19 and 29 be closely similar in properties to minimize the 
offset between them that exists even when they are 
detecting the same beam. Their spectral sensitivity peaks 

25 at about 2. 2... 2. 5 micrometers. The PbS detectors are 

operated in bolometer circuits, AC-coupled to preamplifiers 

20 and 30. Any other detector sensitive in the relevant 
wavelength range could be used, with the appropriate 
coupling and amplifying method. 

30 The primary detector preamplifier 20 is connected to a 

conversion circuit 21 that phase-sensitively rectifies the 
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analog signals produced by the preamplifier and converts 
them into digital form. The conversion circuit is 
connected to a computer processor 22. The processor has at 
its disposal a memory 23 and a display unit 28. 
5 The reference detector preamplifier is connected to a 

phase-sensitive rectifier circuit 33 which generates a 
signal V R indicative of the difference between the 
intensities of beams B and C. There is also provided a 
D/A-converter 34 in which the processor 22 sets the 

10 previously recorded offset analog voltage value Vo between 
the two detectors for the current wavelength. The voltage 
outputs of the phase-sensitive rectifier and of the D/A- 
converter are fed to a difference amplifier 35 that 
provides an error signal V E to the variable retarder 

15 controller 39. 

In this example, the measurement is performed on the 
fingerweb. For that purpose there is provided an 
adjustable gap mechanism 60 where the fingerweb is inserted 
for measurement. A temperature control mechanism 50 

20 maintains the sample temperature uniform at body 
temperature during measurement. 

A shutter mechanism 27 is provided to interrupt one of 
the constituent beams for intensity calibration purposes as 
explained below. 

25 A glucose determination consists of three steps, 

called the equalizing, balancing and measuring steps: 

An equalizing step is performed preferably before 
every measurement. During equalization, the sample 18 is 
not in the beam path. For equalization to begin, the 

30 filter 13 is tilted to one extreme of its wavelength range 
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by control mechanism 25. If there is any AC signal output 
from the primary detector , the output of D/A-converter 34 
is changed by processor 22 which in turn causes controller 
39 to generate a control voltage Vc which varies the 
5 intensity relation between the two alternating beams C and 
B until a zero primary detector signal output is obtained. 
The wavelength tuning range is now scanned from end to end 
by tilting filter 13. At suitable intervals, the offset 
value Vo required at D/A-converter 34 to bring the output 

10 of the primary detector 19 to zero is recorded in memory. 
This completes the equalization step. 

To perform the balancing step, the sample area 18 or 
fingerweb is introduced between the beam D and the detector 
19 in the adjustable gap mechanism 50. The mechanism 50 

15 gently squeezes the web, reducing the thickness of the 

tissue in the optical path. To avoid hurting the subject, 
there is a preset maximum pressure at which the squeezing 
stops even if the target thickness has not been reached. 
The wavelength tuning range is again scanned, until the 

•20 alternating signal in the primary detector 19 vanishes. 
Continuously during this operation, the processor, as it 
changes the wavelength, also updates the offset voltage in 
the D/A-converter 34 to reproduce the condition that, in 
the equalizing step, gave a zero primary detector signal 

25 output. When the balancing wavelength is found, scanning 
is stopped, but the reference detector 29 continues to 
control the intensity relation and will do so throughout 
the measuring step. 

As the wavelength is changed, the sensitivity of the 

30 system to glucose will also change slightly. This is 
compensated for by reading the correct sensitivity 



WO 93/00855 



PCI7US92/00774 



coefficient from a look-up table in the memory. The 
coefficients are obtained through previous calibration at 
each wavelength (as described below) . 

On the basis of the known properties of the 
5 instrument, it is known approximately how large the single- 
wavelength signal amplitude is at a given sample thickness. 
This information is needed to obtain a quantitatively 
correct glucose concentration reading, since the 
alternating signal amplitude obviously scales with the said 

10 amplitude. To improve the accuracy of the result, the 

closed-loop control is disabled by grounding switch 55 so 
that the output of controller 39 does not change. One 
constituent beam C is blocked with shutter mechanism 24 and 
the amplitude of the transmitted single-wavelength beam B 

15 is measured, and used to normalize the alternating signal 
result by division. 

To perform the measuring step, the adjustable gap 
mechanism 50, under processor command, now releases the 
squeeze or vise 60 on the fingerweb 18, increasing the 

20 thickness of tissue in the optical path by a predetermined 
amount. The material added into the beam path is mostly 
blood. The optimum thickness increase depends on the 
wavelengths used. Preferably, it is equal to one 
attenuation length in the added tissue. One attenuation 

25 length is the length in which the power of the probe beam D 
is attenuated to 0.368 times its original value. Blood has 
a differential absorbance different from that of the 
background tissue, thus the signal at the primary detector 
19 departs from zero as the tissue thickness is increased. 

30 The resultant primary detector output signal is 

proportional to the differential absorbance and thus to 
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glucose concentration. The result is displayed in the 
display unit 28. 

To improve the stability of the readings, the 
thickness change may be made cyclical at a frequency in the 
5 order of 1 to 10 Hz, after balancing is first accomplished 
with stationary squeezed tissue. Then the amplitude of the 
rectified signal form the primary detector represent the 
analyte concentration, and the eventual drift of the 
rectified signal in the squeezed state will have less 
10 effect on the result. 

If during the balancing operation, the correct balance 
is not found due to the balancing wavelength being outside 
the wavelength tuning range, the processor displays a 
message declaring the sample out of range. 
15 Figure 2 A depicts a measuring head useful for 

operation in the reflective mode. The head 100 comprises a 
mixed optical fiber bundle 101 that is pressed against the 
forehead 102 of the subject for the balancing step and then 
released, while maintaining contact with the skin, to take 
20 the glucose reading. The combined beam D emerging from the 
beam combiner 17 is introduced into the fiber bundle 
transmitted leg 103. A bifurcation 104 diverts a portion 
of the infrared beam energy to the reference detector 29. 
For equalizing, the measuring end of the bundle 105 is 
25 pressed against a spectrally substantially neutral 

equalizing reflector (not shown) that diffuses a portion of 
the radiation into the receiving bifurcation 107 and on to 
the primary detector 19. The fibers in both common ends of 
the bundle are in a mixed arrangement as shown in the 
30 sectional views of Figs. 3 and 4 wherein some of the fibers 
F couple the light beam from 17 to detector 29 (shown in 
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dark cross-section) and others couple the light beam from 
17 to sample tissue on the forehead 102 of the subject or 
patient. There is no glass cover or window in the 
measuring end of the bundle; therefore direct reflection 
5 from the skin surface is excluded, because any path that 
leads from the transmitting fibers to the receiving fibers 
passes through the tissue. Direct reflection is unwanted, 
because the radiation reflected directly is much stronger 
than the radiation scattered inside the tissue, and would 
10 mask the weak signal obtained from subcutaneous tissue. 
For balancing, the measuring end is pressed against the 
forehead 102 and the correct reference wavelength is found. 
To change the fluid ratio in the forehead skin, the 
measuring end is slightly released and then the glucose 
15 reading is taken. 

In the method of this invention, the correct reference 
wavelength, i.e. the one that has an extinction coefficient 
equal to that of the primary wavelength, is found by 
zeroing the AC signal with the tissue background included. 
20 The glucose measurement is achieved by modifying the 

extracellular/intracellular fluid ratio in the tissue and 
then taking an imbalance reading. If the fluid ratio 
change is brought about by changing the thickness of tissue 
between parts of the measuring head, the change of tissue 
25 thickness can be either positive or negative. A positive 
change, or a thickness increase, is preferred, because in 
that case the balancing can be done under conditions of a 
larger signal-to-noise ratio, as more transmitted power is 
available when the thickness is smaller. The thickness 
30 change can be made once or many times cyclically to improve 
signal-to-noise ratio by averaging. 
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The balancing done with the tissue sample already in 
the radiation beam cancels errors due to the skin surface 
and to the tissue in the radiation path, including errors 
caused by an unknown tissue temperature. No prior 
5 knowledge of the balancing wavelength is needed, as long as 
it is within the tuning range. A reference detector is 
provided to cancel errors due to variations in the beam 
intensity relation, which are chiefly due to changes in the 
lamp spectral output during the measurement. The balancing 
10 done in accordance with this invention will also cancel the 
errors due to the fact that measurements made at different 
times, although intended to be done at exactly the same 
measuring site are, in practice, done at slightly different 
sites. The method according to this invention is sensitive 
15 only to the variable component of the tissue as its fluid 
ratio is changed. The unavoidable differences between the 
spectral sensitivities of the principal detector and the 
reference detector, as well as the nonneutrality of the 
beam sampling for the reference detector, are compensated 
20 for by suing a special equalizing procedure. 

As explained in Harjunmaa above, the signal obtained 
in a balanced differential measurement, when taken as a 
function of the path length in the sample, has a maximum 
value at a certain path length, which turns out to be the 
25 inverse of the extinction coefficient of the sample matrix, 
or one attenuation length. The extinction coefficient is 
the sum of the absorption and scattering coefficients. At 
wavelengths over 2000 nm, water absorbs so strongly that 
the optimum thickness is much less than 1 mm, a thickness 
30 difficult to obtain by squeezing any part of the human body 
without causing pain. The incremental balanced 
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differential modulation method disclosed here makes it 
possible to obtain the maximal signal by letting the 
thickness increment be equal to the optimum path length, 
while at the same time using a total sample thickness more 
5 comfortable to the subject. Also, as the absorption 

coefficient may be different for different tests that have 
to be carried out at different wavelengths, it is easy to 
vary the thickness incremental accordingly. 

It is to be noted that scattering by tissue is, at 

10 these wavelengths, comparable in magnitude to absorption as 
an extinction mechanism and causes the resultant extinction 
coefficient to be much larger than the water absorption 
coefficient alone. 

The interfering substances present in the body may, 

15 even after a careful wavelength selection, produce a 
residual signal due to their differential absorbance. 
Because of this, a personal calibration step is required 
before this system is used for absolute glucose 
determination. The calibration is performed by taking a 

'20 blood sample of the subject, determining its glucose 
content and at the same time performing a measurement 
according to this method. The signal obtained is recorded 
to correspond to the actual initial glucose concentration. 
The varying concentrations can then be later deduced by 

25 using the known sensitivity of this system to glucose 
obtained by measuring glucose calibration samples. 

If it is judged necessary to improve the specificity 
of the method, more than one wavelength pair can be used. 
If, for example, two wavelength pairs are used, the 

30 measurement can be done in a sequential mode, where a 

complete measurement is made according to this disclosure, 
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first using one wavelength pair, and then the wavelengths 
are changed and another measurement is made with those 
wavelengths. It is also possible, although it may lead to 
a more complicated apparatus, to multiplex more than two 
5 wavelengths into one measuring beam and then to extract the 
information pertaining to each wavelength pair from the 
multiplexed signal. Also, if more than one wavelength pair 
is used, at least one of the wavelengths may be common to 
more than one pair. 

10 It is known that, whereas extracellular fluid, which 

includes interstitial fluid and blood, has a certain 
glucose concentration, intracellular fluid contains very 
little glucose, since the latter is consumed inside the 
cells. Changing the ratio of extracellular to 

15 intracellular fluid thus provides a means to modulate the 
tissue, or by artificial means, such as squeezing the 
tissue either between the transmitter and receiver parts of 
measuring head (in the transmission mode) or between a 
combined transmitter receiver and a suitable bone within 

20 the body, such as the forehead. 
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CIAIMS 

1. Non-invasive method for measuring the concentration of 
predetermined analytes in living body tissue, 
comprising the steps of: 
5 a) generating a combined beam of electromagnetic 

radiation comprised of alternate and repetitive 
periods of radiation having different 
wavelengths, the two wavelengths having different 
absorption coefficients for the analyte being 
10 sought, at least one of the wavelengths being 

tunable; 

b) detecting the combined beam with a primary 
detector for generating a primary electrical 
signal proportional to the intensity of the 

15 combined beam; 

c) detecting the combined beam with a reference 
detector for generating a reference signal 
proportional to the intensity of the combined 
beam and wherein the electrical response 

20 generated by the two period radiations in both 

detectors is substantially equal in magnitude, 
thus producing a substantially zero alternating 
component in the signals of both detectors, 

d) directing the combined beam on the subject tissue 
25 so that radiation transmitted or reflected by the 

tissue reaches the primary detector; 

e) controlling the intensity relation between the 
periods using the reference signal and tuning the 
wavelength of one of the periods to obtain a 

30 substantially zero alternating component in the 
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primary signal; 

f ) changing the ratio of extracellular fluid content 
to intracellular fluid content in the tissue; and 

g) using the change in the primary signal produced 
by the principal detector as a result of the 
fluid ratio change to measure the concentration 
of the analyte in the tissue. 

The method according to Claim 1, where the primary 
beam passes through the tissue before being detected 
by the primary detector. 

The method according to Claim 2, wherein the fluid 
ratio change comprises change in tissue thickness. 

The method according to Claim 3, wherein the tissue 
thickness change is substantially equal to the inverse 
of the extinction coefficient of the tissue at the 
wavelengths used. 

The method according to Claim 3, wherein the tissue 
thickness change is repeated cyclically, and the 
primary signal variation over the cycle is used as a 
measure of the concentration of the analyte in blood. 

The method according to Claim 1, wherein changing the 
fluid ratio is achieved by applying pressure on the 
surface of the tissue. 

The method according to Claim 1, wherein the fluid 
ratio change is caused by the natural pulsation due to 
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the heartbeat, and the measurement cycle is 
synchronized to such pulsation. 

The method according to Claim 1 wherein the analyte is 
a homologous body material, and the wavelengths are 
within the range of 1 to 2.5 micrometers. 

The method according to Claim 1 for measuring glucose 
concentration in human or animal body tissue and 
having one of the wavelengths selected from the 
interval 2125-2185 nm and another one from the 
interval 2240-2300 nm. 



10. The method of Claim 1 wherein the analyte is glucose 
and one of the wavelengths is selected from the 
interval 1500-1650 nm and another one is from the 
interval 1650-1800 nm. 



15 11. The method of Claim 1, where the measurement is 

repeated using one or more additional wavelength pairs 
and the desired result is obtained from the signal 
values at each wavelength pair using a mathematical 
transformation. 

20 12. The method of Claim 1, where, before the probe beam is 
directed on the tissue, the primary and reference 
detector are equalized by controlling the intensity 
relation of the different wavelength periods so as to 
continually produce a minimum alternating signal from 

25 the primary detector, tuning the tunable wavelength 

over the tuning range and at the same time recording 
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into a memory, as a function of the wavelength, a 
control signal required to produce said minimum 
alternating signal condition. 

The method of Claim 1 in which the response of the 
system is calibrated while the tissue is in the 
radiation beam, by blanking one of a pair of 
wavelength periods and measuring the resulting 
transmitted alternating single-wavelength signal 
amplitude and using the result to normalize the 
response of the system. 

Apparatus for non-invasive measurement of the in vivo 
concentration of a predetermined analyte in bodily 
tissue ; 

a) radiation means to generate an electromagnetic 
radiation probe beam containing two alternating 
wavelength portions where at least one of the 
wavelengths is tunable and the intensity of the 
radiation during at least one wavelength portion 
is controllable, 

b) optical means to transmit the beam to the tissue; 

c) reference detector means to detect a 
representative portion of the beam, prior to 
interaction with the tissue, and for generating a 
reference signal proportional to probe beam 
intensity; 

d) primary detector means to detect at least a 
portion of the beam radiation after interaction 
with the tissue and for generating a primary 
signal proportional to interacted probe beam 
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intensity ; 

e) electrical means to produce an off-set signal in 
response to the primary signal 

f ) electrical means to produce a control signal from 
5 the reference signal and the off -set signal. 

g) control means to control the intensity relation 
of the alternating portions of the probe beams, 
according to said control signal, 

h) computing means to convert the primary signal to 
10 the concentration values of the analyte(s) 

sought. 

15. Apparatus according to Claim 14, wherein the optical 
means includes means to collect the beam after 
interaction with the tissue to form an image on the 

15 primary detector of the area where the probe beam 

exists the tissue. 

16. Apparatus according to Claim 15, wherein the optical 
means comprises an optical fiber. 

17. Apparatus according to Claim 15 wherein the 

20 optical fiber which is bifurcated at a proximal 

end with a first plurality of fibers for coupling 
the beam to the reference detector and a second 
plurality of fibers for coupling the beam to the 
tissue for interaction and is bifurcated at a 

25 distal end with a third plurality of fibers, for 

coupling the interacted beam to the primary 
detector. 
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18. Non-invasive apparatus for measuring the concentration 
of predetermined analytes in living body tissue, 
comprising the steps of: 

a) transmission means for generating a combined beam 
5 of electromagnetic radiation comprised of 

alternate and repetitive periods of radiation 
having different wavelengths, the two wavelengths 
having different absorption coefficients for the 
analyte being sought, at least one of the 
0 wavelengths being tunable; 

b) a primary detector for detecting the combined 
beam before and after interacting with the tissue 
and for generating a primary electrical signal 
proportional to the intensity of the combined 

5 beam before and after said interaction; 

c) a reference detector for detecting the combined 
beam for generating a reference signal 
proportional to the intensity of the combined 
beam and wherein the electrical response 

0 generated by the two period radiations in both 

detectors is substantially equal in magnitude, 
thus producing a substantially zero alternating 
component in the signals of both detectors, 

d) coupling means for directing the combined beam 
5 onto the subject tissue so that radiation 

transmitted or reflected by the tissue is coupled 
to the primary detector; 

e) control means for controlling the intensity 
relation between the radiation periods in 

) response to the reference signal to tune the 

wavelength of one of the periods to obtain a 
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substantially zero alternating component in the 
primary signal; 

f ) change means for changing the ratio of 
extracellular fluid content to intracellular 

5 fluid content in the tissue; and 

g) display means responsive to the change in the 
primary signal produced by the principal detector 
as a result of the fluid ratio change to measure 
the concentration of the analyte in the tissue. 

10 19. Apparatus according to Claim 18, where the primary 

beam passes through the tissue before being detected 
by the primary detector. 

20. Apparatus according to Claim 18, wherein the 
change means fluid comprises a mechanism for 
15 changing the thickness of the tissue. 
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